The effects of H 2 O 2 -induced oxidative DNA damage in 80 healthy individuals with relation to age (20-25 and 55-60 years old) and smoking has been investigated with the comet assay technique. Both factors have shown a significant effect upon basal DNA damage with smoking appearing to have the most impact. A differentiation of the four groups response to induced oxidative damage was also observed. A distinctly separate behavior of the younger non-smokers group, when compared with the rest of the categories, was found. This is attributed to the lower degree of initial basal damage that occurs in their lymphocytes.
older cells have given conflicting results (15) . This has been mainly attributed to the variety of tissue cells and techniques used by different research groups.
Alkaline elution (16) , nucleoid sedimentation (17) , sisterchromatid exchange (SCE) (18, 22) , chromosome aberration (19) , DNA adduct measurements (20) and micronuclei (21) are some of the techniques used to investigate either smoking or aging in relation to DNA damage. The former two methods provide information on cell populations, but are limited in their ability to reveal any differentiation in damage vulnerability and repair capacity of distinct subpopulations. Cytogenetic methods are also limited in that they refer to proliferating cells. Reduced sensitivity has also been found in certain cases. The novel technique of single-cell gel electrophoresis (SCGE or 'comet assay') provides a superior method for detecting strand breaks and examining repair kinetics at a single cell level (22, 25, 26 ). An additional advantage of the method is that the ex vivo primary response in either fresh or frozen samples is sustained (23) . Betti et al. (24) compared the results obtained by SCE with results produced by SCGE in healthy subjects. It is noteworthy that the effect of smoking was only revealed by the 'comet assay', which confirms the high sensitivity of the technique.
In the present study, the effect of smoking on DNA damage of peripheral blood lymphocytes from healthy individuals of two different age-groups was investigated. Using the 'comet assay', lymphocytes of 80 male individuals were exposed to increased concentrations of H 2 O 2 and the induced DNA damage was evaluated in relation to age and smoking.
The eligible participants were divided into four groups based on their differences in age and smoking habits. Twenty younger (20-25 years old) and twenty older (55-60 years old) nonsmokers (never-smokers) provided the control samples. Two more groups of equal number and the same age-ranges were subjects who had smoked for at least 5 years (Ͼ10 cigarettes per day). These groups were compared with the controls in order to correlate the degree of DNA damage with age and smoking. All 80 subjects were healthy individuals who followed a generally similar well-balanced diet, and who had no problems in their medical or genetic history or any exposure to occupational hazards.
Blood samples (10 ml) were obtained in sterile polystyrene centrifuge tubes that contained heparin (200 U/ml, 1 ml). The samples were analyzed within 6 h of collection and the lymphocytes separated and frozen (-70°C) until analysis. Lymphocyte isolation and cryopreservation, H 2 O 2 treatment, single-cell gel electrophoresis and statistical analysis have already been described in detail elsewhere (23) . After a 5-min treatment of the lymphocytes with doses of 0, 50 and 150 µM H 2 O 2 , the mean extent of basal-and H 2 O 2 -induced DNA damage as a function of the increasing concentration of oxidizing agent was measured by means of visual scoring of the comets. These values are presented in Figure 1 and show similar dose-response relationships to the ones previously reported by our group (23) . There is a noticeable and significant difference in the level of basal DNA damage between all four groups. This basal damage increases gradually in the order of younger nonsmokers Ͻ older non-smokers Ͻ younger smokers Ͻ older smokers. The relative importance of the two variables, age and smoking, can be evaluated from the differences observed at the control level of untreated cells. [The percentage difference of mean basal DNA damage regardless of smoking habits (contribution of age) was found to be 14.5% while the percentage difference of mean basal DNA damage regardless of age (contribution of smoking) was 25.8%.] These results demonstrate a more significant effect of smoking compared with age. In terms of induced DNA damage sensitivity of the groups, pair-wise analysis for each dose of H 2 O 2 , based on t-tests, showed that at low concentrations, there was no significant difference between older smokers and older non-smokers (P Ͼ 0.06), or between younger smokers compared with older non-smokers (P Ͼ 0.34). At higher concentrations, the difference between younger and older smokers was also not significant (P Ͼ 0.92). At all concentrations, comparison of the remaining pairs (younger smokers-younger non-smokers, younger non-smokers-older non-smokers, younger smokersolder smokers, older smokers-younger non-smokers) gave statistically significant differences (P Ͻ 0.0001). These observations imply a direct effect of age on the oxidative response of lymphocytes. They also clearly indicate the damaging effect of smoking regardless of age. Figure 2 shows the distribution patterns of DNA damage among different groups expressed as the number of cells in the five comet classes, from 0 (undamaged) to 4 (maximally damaged), as a function of hydrogen peroxide concentration.
There was an increasing number of class 4 comets observed with increasing concentration of the oxidant in all cases. However, a significant number of comets always remained in visual class 0. The frequency distribution pattern of DNA damage in response to the doses of the inducer shows noticeable differences between the four groups. The already observed differentiation of basal DNA damage is also supported by the gradual increase in the number of comets that were in the visual categories of higher DNA damage (classes 1-4), with the group of young non-smokers showing the smallest number of comets in all these classes. In this group, a significant number of comets remained in visual class zero with increasing H 2 O 2 concentration. This indicates the difference in responsiveness of this group compared with the others as a result of age and/or smoking. The DNA damage distribution pattern according to age was evaluated by means of dispersion analysis (23, 29) . For each donor, the dispersion coefficient H (variance/mean) was estimated in order to compare the patterns of samples from smoking and non-smoking individuals. In the case of non-smokers, a significant age-related increase in dispersion was observed (r ϭ 0.57, P Ͻ 0.0001). The same dispersion analysis for the smokers did not reveal such an age-related increase (r ϭ 0.01, P ϭ not significant).
Linear regression analysis of all the individual dispersion coefficients for the H 2 O 2 doses tested confirms the previously observed variation between the lymphocytes of young nonsmoking subjects and all other categories. At the control level, the lymphocytes of younger non-smokers show the smallest variation in the range of the dispersion coefficient, which is in agreement with the distribution of the comet classes discussed earlier. The initially higher values of dispersion coefficients for the other groups reflects the significantly increased variation in the distribution pattern of individual lymphocytes at the level of basal DNA damage. As a result, a significant increase in dispersion of young non-smokers (r ϭ 0.39, P Ͻ 0.05) with increasing concentration of the oxidant was observed, which is in contrast with the highly significant decrease in dispersion value for the other groups [r ϭ 0.51, P Ͻ 0.0001 (older smokers), r ϭ 0.81, P Ͻ 0.000001 (younger nonsmokers), r ϭ 0.86, P Ͻ 0.000001 (younger smokers)]. This finding is in agreement with earlier distribution patterns ( Figure 2 ).
In the present study, age and smoking appear to have a significant effect upon basal DNA damage. A clear differentiation in the response to induced oxidative damage as a result of these factors was also observed. The level of DNA damage and its repair capacity have been widely considered to be factors closely related to aging and cancer (27) . According to some predictions of the DNA related theories of aging, cells from older individuals should be expected to have increased levels of basal DNA damage, possibly accompanied by a reduced rate of damage recognition and repair (28). Singh et al. (29) reported a small but non-significant relationship with age. Our results seem to not agree with this report. However, the shorter alkali treatment time and the 20-min electrophoresis time used in that study may be largely responsible for this deviation. It is also important to note the larger age-range studied by Singh et al., which may be the reason for the statistical differences. Furthermore, in a later report related to the results of Singh et al. (29) , a slight increase in mean basal DNA damage with age was presented and this was accompanied by an increased proportion of highly damaged lymphocytes (30) .
Smoking is an important variable in inducing significant alterations to genetic material at molecular level, which is indicated by the increased frequency of SCE (31) and hence the increased risk of cancer (1) (2) (3) (4) . It has also been strongly suggested that smoking increases the rate of micronuclei formation in both CD8 and B lymphocytes (21) , which indicates a variation of the subpopulation characteristics. Furthermore, Wei et al. determined that DNA repair capacity (DRC) in lung cancer patients was related to increased smoking, and they reported reduced values of DRC compared with control samples (32) .
Although aging and smoking have been investigated individually by means of a number of different techniques, there have only been a small number of reports on their combined effect on DNA. Sarto and co-workers (18) reported on the importance of several factors that affected the frequency of SCE, primarily smoking and age, and they concluded that the effect of age was more severe than that of smoking, with regard to genetic damage of lymphocytes. Soper et al. (33) also demonstrated that both smoking and age contributed significantly to an increase in sister-chromatid exchanges, and that smoking was a greater inducer of SCE. In agreement with Soper et al., we found that the effect of smoking on the basal levels of oxidative DNA damage in untreated samples was more significant than age. It caused a higher level of basal DNA SSBs and/or alkali-labile sites when age was not accounted for.
In terms of basal DNA damage in non-smoking individuals, the results support an age-related variation in PBMC response. This may be related to an increased number of a small subpopulation of cells showing inefficient repair among older people (29) .
Both the dispersion analysis of the data and the distribution of DNA migration indicates the distinctly different response of younger non-smokers compared with the other categories. The response to the induced oxidative damage of this group differed considerably in that it was the only category out of the four tested that showed a significant difference after treatment with hydrogen peroxide. This finding can be attributed to the lower degree of initial basal damage that occurred in the lymphocytes of that group compared with the other categories, which in turn, results in a bigger increase of mean oxidative DNA breakage with increasing H 2 O 2 concentration.
Hydrogen peroxide can penetrate the cell membrane easily and can initiate the generation of highly reactive species through the transition metal catalyzed Haber-Weiss reaction (34) . In order for the ROS to proceed to DNA damage, a sufficient concentration must be available to overwhelm the threshold of antioxidant capacity. This consists of the presence of antioxidant enzymes, scavenger molecules and the ability of cells to remove altered molecules by turnover (35) . The observed differences in the physiological response of the younger non-smokers compared with the other groups, are possibly related to the effects of age and smoking on the formation mechanisms of ROS inside cells, and to their influence on protective cellular pathways against induced oxidative DNA damage.
Catalase is one of the major antioxidant enzymes for hydrogen peroxide, and its activity and mRNA expression decline with age (36) . Furthermore, age-related changes in membrane fluidity and lipid peroxidation, in addition to the possible increased internal mitochondrial peroxide formation, can account for this observation (37) . Both age and smoking have implications on the efficiency of DNA repair mechanisms that are responsible for an increased vulnerability to oxidative damage (38) . The content and the efficiency of all these factors has been suggested to vary among different cell types or subpopulations of lymphocytes. Larramendy and Knuutila (21) reported a significant decrease in the number of the CD8 lymphocytes in smokers and a slightly higher rate of micronuclei formation. The levels of endogenous antioxidants and their protective effect, as well as the effect of externally supplemented antioxidants in relation to smoking habits, was investigated by Duthie and co-workers (39) . In the study of Duthie et al. (39) , higher levels of oxidized bases were found in smokers of 50-59 years of age compared with non-smokers, which is in agreement with our observation. A highly significant decrease in endogenous basal oxidative damage after a 20-week supplementation program, as well as increased resistance against induced damage, was also reported in the smoking group.
In conclusion, our study investigated the relationship between age, smoking and oxidative DNA damage. Age and smoking contribute a great deal in setting a higher degree of basal DNA damage, and smoking appeared to be the most significant damaging factor of the two. Treatment with H 2 O 2 in all groups further increased the amount of oxidative DNA damage. Research that increases the age-gap between the groups and the use of different antioxidants and scavengers is in progress.
